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(54) IViethod and apparatus for optimizing dispersion in an optical fiber transmission line in 
accordance with an optical signal power level 



(57) A method and apparatus for optimizing disper- 
sion in an optical fiber transmission line. The method 
and apparatus (a) determine an optimum amount of 
total dispersion of an optical transmission line corre- 
sponding to a power level of an optical signal transmit- 
ted through the optical transmission line; (b) control 
dispersion of the optical transmission line so that the 
total dispersion up to a specific point along the optical 
transmission line becomes approximately zero; and (c) 
add dispersbn to the optical transmission line down- 
stream of the specific point, to obtain the determined 
optimum amount of total dispersion. The control of dis> 
persion in (b). above, can be performed in several differ- 
ent manners. For example, the control of dispersion can 
include (i) detecting the intensity of a specific frequency 
component of the optical signal, the optical signal hav- 
ing an intensity v. total dispersion characteristic curve 
with at least two peaks; and (iQ controlling the amount of 
total dispersion of the transmission line to substantially 
minimize tiie intensity of the specific frequency compo- 
nent between the two highest peaks of the intensity v. 
total dispersion characteristic curve of the optical signal. 
Assuming that the optical signal is modulated by a data 
signal having a bit rate of B bits/second, then the spe- 
cific frequency conponent is preferably a B hertz com- 
ponent of the optical signal. 
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Description 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application is based on, and clainis priority to. Japanese application number 9-246901 . filed on Septem- 
ber 1 1 , 1997, in Japan, and which is incorporated herein by reference. 

[0002] This application also claims priority to Japanese application 9-224056. filed on August 20, 1 997. in Japan, and 
which is incorporated herein by reference. 

[0003] This application Is related to U.S. application titled "METHOD AND APPARATUS FOR MINIMIZING THE 
INTENSITY OF A SPECIFIC FREQUENCY COMPONENT OF AN OPTICAL SIGNAL TRAVELUNG THROUGH AN 
OPTICAL FIBER TRANSMISSION LINE TO THEREBY MINIMIZE THE TOTAL DISPERSION", filed on March 19. 
1998, in the United States, and which is incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

1 . Held of the Invention 

[0004] The present invention relates to a method and apparatus for optimizing dispersion in an optical fiber transmis- 
sion line in accordance with the power level of an optical signal traveling through the optical fiber transmission line. More 
specifically, the present Invention relates to a method and apparatus which sets the dispersion at a specific point along 
the optical fiber transmission line to zero, and then adds dispersion downstream of the specific point to optimize the total 
dispersion in accordance with the power level of the optical signal. 

2. Description of the Related Art 

[0005] Optical transmission systems using fiber optical transmission tines are being used to transmit relatively large 
amounts of information. For example, optical transmission systems at 10 Gb/s are now in practical implementation in 
trunk-line optical communications. However, as users require larger anwunts of information to be rapidly transmitted, a 
further inaease in the capacity of optical transmission systems is required. 

[0006] Time-division multiplexing (TDM) (including optical time-division multiplexing (OTDM)) and wavelength-division 
multiplexing (WDM) are being considered as candidates for such high capadty optical transmission systems. For exam- 
ple, with regard to TDM tediniques, a significant amount of worldwide research is being performed on 40 Gb/s systems. 
[0007] Chromatic dispersion (group-velodty dispersion (GVD)) is one of the factors limiting the transmission distance 
in a 40 Gb/s system. Since dispersion tolerance is inversely proportional to the square of the bit rate, the dispersion tol- 
erance, which is about 800 ps/nm at 10 Gb/s. is reduced by a factor of 16 to about 50 ps/nm at 40 Gb/s. 
[0008] For example, in measured experiments, an optical time-division multiplexed (OTDM) signal with a signal light 
wavelength of 1.55 jim (where transmission loss in silica fiber is the lowest) was ta-ansmitted over a distance of 50 km 
through a single-mode fiber (SMF). The SMF had a zero dispersion wavelength of 1 .3 pm. This type of SMF is the type 
of fiber most widely installed around the world. The Input signal light power was -^3 dBm. and the bit rate was 40 Gb/s. 
Dispersion compensation was performed using a dispersion-compensating fiber (DCF). The width of the dispersion 
compensation value range allowed in order to hold the power penalty (degradation of optical signal reception sensitivity 
through transmission) to within 1 dB (dispersion compensation tolerance) was 30 ps/nm. This value translates to length 
of 2 km or less of an SMF with a chromatic dispersion value of 18.6 ps/nm/km. 

[0009] Furthermore, in a land system, repeater spacing is not uniform. Thus, very precise dispersion compensation 
must be performed for each repeater section. 

[0010] On the other hand, dispersion in a transmission line changes with time due to changes, for example, in tem- 
perature. For example, in the case of an SMF 50 km transmission, when the temperature changes between -50 to 
lOO^'C. the amount of change of the transmission line disperston Is estimated to be as follows: 

(Temperature dependence of zero dispersion wavelength of transmission line) x (Temperature change) 
X (Dispersion slope) x (Transmisston distance) = 0.03 nm/°C x 150*'C x 0.07 ps/nm ^/km x 50 km = 16 ps/nm. 

[001 1] This value is greater than one half of tiie dispersion tolerance of 30 ps/nm and cannot be overlooked when 
designing the system. 

[001 2] In tiie above-descrOaed measured experiments, when the amount of dispersion compensation was optimized 
at •50''C at the start of system operation, if the temperature sutisequently rose to 100°C during system operation, the 
criterion of a 1 dB penalty could not be satisfied (worst case condition). 
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[001 3] Further, depending on the characteristic and construction of a dispersion compensator, the amount of disper- 
sion compensation can only be set discretely, sometimes leaving no alternative but to set the dispersion compensation 
amount to a value slightly displaced from an optimum value at the start of system operation. In that case, there arises 
a possibility that the criterion of 1 dB penalty may not be satisfied even when the temperature change is smaller than 
150»C. 

SUMMAFy/ OF THE INVENTION 

[0014} Accordingly, it is an object of the present invention to provide an automatic dispersion compensation system 
for use in ultra high-speed optical transmission systems at 40 Gb/s or higher rates. 

[001 5] It is a further object of the present invention to provide such an automatic dispersion compensation system so 
as to optimize the amount of dispersion compensation for each repeater section of the optical transmission system at 
the start of system operation, and also to perform optimization of the dispersion compensation amount according to the 
changing dispersion value of the transmission line during system operation. 

[001 6] It is an additional object of the present invention to provide such an automatic dispersion compensation system 
for SMF transmission systems, but that can also be used in other systen^ that use 1 .55 ^m band dispersion-shifted 
fiber (DSF) having a tow chromatic dispersion value at that wavelength. 

[001 7] Moreover, it is an object of tiie present invention to provide a dispersion control method and apparatus that can 
properly control chromatic dispersion in an optical transmission line even when signal light power is so large that non- 
linear effect becomes pronounced. 

[0018] Objects of tiie present invention are achieved by providing a mettiod and apparatus which (a) determines an 
optimum amount of total dispersion of an optical transmission line corresponding to a power l^/el of an optical signal 
transmitted through the optical transmission line; (b) controls dispersion of the optical transmission tine so that the total 
dispersion up to a specific point along the optical transmission line becomes approximately zero; and (c) adds disper* 
sion to the optical transmission line to obtain the determined optimum amount of total dispersion. When adding disper- 
sion, the dispersion can be added to the optical transmission line at a point which is downstream of the specific point. 
[0019] The process of controlling dispersion in (b). atX5ve. can be performed in several different manners. The exam- 
ple, the process of controlling dispersion can include (i) detecting the intensity of a specific frequency component of the 
optical signal, the optical signal having an intensity v. total dispersion characteristic curve with at least two peaks; and 
(ii) controlling the amount of total dispersion of the transmission tine to substantially minimize the intensity of the specific 
frequency component between the two highest peaks of the intensity v. total dispersion characteristic curve of the opti- 
cal signal. Assuming that the optical signal is modulated by a data signal having a bit rate of B bits/second, tinen tiie 
specific frequency component is preferably a B hertz component of the optical signal. 

[0020] Alternatively, the process of controlling dispersion in (b). above, can include (i) detecting tiie intensity of a spe- 
cific frequency component of the optical signal, the optical signal having an intensity v. total dispersion characteristic 
curve with at least two peaks; and (ii) controlling tiie amount of total dispersion of the transmission line so that the inten- 
sity of the specific frequency oonponent is at a midpoint between tiie two highest peaks of the intensity v. total disper- 
sion characteristic curve of the optk^al signal. 

[0021] Further, the process of controlling dispersion In (b), above, can Include (i) detecting the intensity of a specific 
frequency component of the optical signal, the optical signal having an intensity v. total dispersion characteristic curve 
with a corresponding eye opening; and (ii) controlling the amount of total dispersion of the optical transmission line to 
suljstantially minimize the intensity of the specific frequency component in the eye opening. 

[0022] Moreover, tiie process of confa-olling dispersion in (b). above, can include (i) detecting the intensity of a specific 
frequency component of the optical signal, the optical signal having an intensity v. total dispersion characteristic curve 
with a con-esponding. allowable eye opening range; and (ii) conti-olling the amount of total dispersion of the transmis- 
sion tine to maintain tiie Intensity of the specific frequency component along a point on the intensity v. total dispersion 
characteristic curve which is within the eye opening. 

[0023] Objects of the present invention are also achieved by providing a method and apparatus of controlling disper- 
sion in an optical transmission line having an optical signal transmitted therethrough. The method and apparatus (a) set 
the power of the optical signal to a first value producing substantially no nonlinear effect in the optical transmission line; 
(b) control the amount of total dispersion of the optical transmission line to be approximately zero; (c) change the power 
of the optical signal to a second value different from the first value; (d) determine an optimum amount of total dispersion 
of the optical transmission line con-esponding to the power of the optical signal being at the second value; and (e) add 
dispersion to the optical transmission line to obtain the determined optimum amount of dispersion. 
[0024] Objects of the present invention are further achieved by provkiing a method and apparatus of controlling dis- 
persion in an optical tafansmission line having an optical signal transmitted theretiirough. The metiiod and apparatus (a) 
set the power of the optical signal to a value producing substantially no nonlinear effect in the optical transmission line; 
(b) control the amount of total dispersion of the optical transmission line to be approximately zero white the power is set 
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to said value: (c) increase the power of the optical signal; and (d) add dispersion to the optical transmission line to 
obtain, an optimum amount of dispersion corresponding to the increased power of the optical signal. The process of 
controlling the amount of total dispersion can take the form of any of the processes de5crit>ed above for controlling dis- 
persion. 

PRIEF DESCRIPTION QFTHIE DPAWINQ$ 

[0025] These and other objects and advantages of the invention will become apparent and more readily appreciated 
from the following description of the preferred embodiments, taken in conjunction with the accompanying drawings of 
which: 

FIG. 1 is a graph illustrating computer simulation results of the dependence of a 40 GHz clock component Intensity 
on the amount of total dispersion for a 40 Gb/s OTDM signal, according to an embodiment of the present invention. 
FIG. 2 is a graph illustrating computer simulation results of the dependence of a 40 GHz dock component intensity 
on the amount of total dispersion for a 40 Cb/s NRZ signal, according to an embodiment of the present invention. 
FIG. 3 is a graph illustrating computer simulation results of the dependence of a 40 GHz clock component intensity 
on the amount of total dispersion for a 40 Gb/s RZ signal (50% duty], according to an embodiment of the present 
invention. 

FIG. 4 is a graph illustrating computer simulation results of the dependence of a 40 GHz clock component intensity 
on the amount of total dispersion for a 40 Gb/s RZ signal. (25% duty), according to an embodiment of the present 
invention. 

FIG. 5 is a diagram illustrating an optical modulator that generates a 40 Gb/s OTDM signal, according to an embod- 
iment of the present invention. 

FIGS. 6(A), 6(B), 6(C). 6(D) and 6(E) are waveform diagrams indicating the operation of the optical modulator of 
FIG. 5, according to an emtxxjiment of the present invention. 

FIG. 7 is a baseband spectrum of an OTDM signal, according to an embodiment of the present invention. 
FIG. 8 is a baseband spectrum of an NRZ signal, according to an embodiment of the present invention. 
FIGS. 9(A), 9(B) and 9(C) are waveform diagrams of an OTDM signal after being subjected to chromatic dispersion, 
according to an emtxxiiment of the present invention. 

FIGS. 10(A), 10(B) arKi 10(C) are waveform diagrams of an NRZ signal after being subjected to chromatic disper- 
sion, according to an embodiment of the present invention. 

FIG. 11 is a graph illustrating a computer simulation of the dependence of 40 GHz clock component intensity on the 
amount of total dispersion for the 40 GHz OTDM signal when signal light power is 0 dBm, according to an embod- 
iment of the present invention. 

FIG. 12 is a graph illustrating a computer simulation of the dependence of 40 GHz clock component intensity on the 
amount of total dispersion for the 40 GHz OTDM signal when signal light power is 45 dBm. according to an embod- 
iment of the present invention. 

FIG. 1 3 is a graph illustrating a computer simulation of the dependence of 40 GHz clock component intensity on the 
amount of total dispersion for the 40 GHz OTDM signal when signal light power is +10 dBm, according to an 
embodiment of the present invention. 

FIG. 1 4 is a graph illustrating a computer simulation of the dependence of 40 GHz clock component intensity on ttie 
amount of total dispersion for the 40 GHz OTDM signal when signal light power is +13 dBm, aocording to an 
embodiment of the present invention. 

FIG. 15 is a graph illustrating the dependence on signal light power of (a) the optimum amount of total dispersion 
and (b) the amount of total dispersion at which a 40 GHz component is at a minimum, in tiie transnrrission of a 40 
GHz OTDM signal, according to an embodiment of the present invention. 

FIG. 16 is a diagram illustrating an automatic dispersion equalization system, according to an embodiment of the 
present invention. 

FIG. 1 7 is a graph illustrating a computer simulation of the dependence of 40 GHz clock component intensity on tiie 
amount of total dispersion for a 40 GHz NRZ signal when signal light power is 0 dBm, according to an embodiment 
of the present invention. 

FIG. 18 is a graph illustrating a computer simulation of the dependence of 40 GHz clock component intensity on tiie 
amount of total dispersion for a 40 GHz NRZ signal when signal light power is +5 dBm, according to an embodiment 
of the present invention. 

FIG. 19 is a graph illustrating a computer sinuilation of the dependence of 40 GHz dock component intensity on the 
amount of total dispersion for a 40 GHz NRZ signal when signal light power is +10 dBm, according to an embodi- 
ment of the present invention. 

FIG. 20 is a graph illustrating a computer simulation of the dependence of 40 GHz clock component intensity on the 
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amount of total dispersion for a 40 GHz NRZ signal when signal light power is +13 dBm, according to an embodi- 
ment of the present invention. 

FIG. 21 is a diagram illustrating an optical transmitter of the automatic dispersion equalization system of FIG. 16, 
according to an emtxxiiment of the present invention. 
5 FIG. 22 is a diagram illustrating an optical receiver of the automatic dispersion equalization system in FIG. 16, 

according to an embodiment of the present invention. 

FIG. 23 is a diagram illustrating an optical transmitter, according to an embodiment of the present invention. 
FIG. 24 is a diagram illustrating a polarization-independent demultiplexer (DEMUX). according to an embodiment 
of the present invention. 

10 FIG. 25 is a detailed circuit diagram of a portion of an optical receiver, according to an embodiment of tiie present 
invention. 

FIG. 26 is a diagram illustrating a variat>le dispersion compensator, according to an embodiment of the present 
invention. 

FIG. 27 is a graph illustrating patterns A to D of voltages to V21 applied I0 segments of tiie variable dispersion 
IS compensator of FIG. 26. according to an enrtf^iment of the present invention. 

FIG. 28 is a graph illustrating dispersion values for the voltage patterns A to D in FIG. 27. according to an embod- 
iment of the present invention. 

FIG. 29 is a diagram illustrating a compensation amount controller, according to an embodiment of the present 
invention. 

20 FIG. 30 is a diagram illustrating a modification of the automatic dispersion equalization system of FIG. 16, accord- 
ing to an emk>odiment of the present invention. 

FIG. 31 is a diagram illustrating an additional modification of the automatic dispersion equalization system of FIG. 
16. according to an embodiment of the present invention. 

FIG. 32 is a diagram illusta'ating an automatic dispersion equalization system, according to an embodiment of the 
25 present invention. 

FIG. 33 is a graph for explaining the modification of the automatic dispersion equalization system in FIG. 32, 
according to an embodiment of the present inverrtion. 

FIG. 34 is a diagram illustrating a modification of the automatic dispersion equalization system of FIG. 32. accord- 
ing to an embodiment of the present invention. 
30 FIG. 35 is a diagram Illustrating an additional modification of the automatic dispersion equalization system of FIG. 
32, according to an emtxxiiment of the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

35 [0026] Reference will now be made in detail to the present preferred embodiments of the present invention, examples 
of which are illusti-ated in the accompanying drawings, wherein like reference numerals refer to like elements through- 
out. 

[0027] From the Description of the Related Art section. atx>ve, it can be seen that the implementation of an ultra high- 
speed optical transmission system at 40 Gb/s or higher rates requires the construction of an "automatic dispersion com- 

40 pensation system" which not only optimizes the amount of dispersion connpensation for each repeater section at the 
start of system operation but also performs optimization of the dispersion compensation amount according to the 
changing dispersion value of the ti-ansmission line during system operation. Such an automatic dispersion compensa- 
tion system is needed not only for SMF transmission systems but for other systems that use 1 .55 nm band dispersion- 
shifted fiber (DSF) having a low chromatic dispersion value at that wavelength. 

45 [0028] Techniques essential for the implementation of an automatic dispersion compensation system can be summa- 
rized into the following three points: 

(i) Realization of a variat)le dispersbn compensator; 

(ii) Method for nrx>nitoring chromatic dispersion (or the amount of total dispersion after dispersion compensation) in 
so a transmission line; and 

(iii) Feedback optimization conti-ol method for the variable dispersion compensator. 

[0029] Regarding item (ii), a method for measuring chromatic dispersion in an optical f ber, a pulse method or a phase 
method has traditionally been used that involves providing a plurality of light beams of different wavelengths to the opti- 
55 cal fiber and measuring group-delay differences or phase differences between the output beams. However, to con- 
stantly measure the dispersion using these methods during system operation, a set of chromatic dispersion measuring 
devices must be provided for each repeater section. Further, to measure the dispersion amount without intenupting the 
transmission of data signal light, measuring light of a wavelength different from that of the data signal light must be 
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wavelength-division nnultiplexed. 

[0030] Incorporating the pulse method or phase method into an optica! transmission apparatus is not practical in 
terms of size and cost. Furthermore, when using a wavelength different from the main signal light wavelength, since the 
process involves estimating the dispersion value at the signal light wavelength from the measured value at the measur- 
ing light wavelength, the result may lack accuracy. Therefore, a method that can measure the chromatic dispersion 
value directly from the main signal light is desirable. 

[0031 ] As a method that can achieve this measurement, the inventor of the present invention has proposed, in Japa- 
nese Patent Unexamined Publication No. 9-224056. which is incorporated herein by reference, a method that utilizes 
the total-dispersion dependence of the intensity of a 40 GHz component in the baset>and spectrum of an NRZ (non- 
return-to-zero) signal and an OTDM signal (described later) . More specif ically. the method utilizes the characteristic 
that when the amount of total dispersion is zero, the intensity of the 40 GHz component is at a minimum and the eye 
opening at that time is the largest, and through feedback, sets the operating poirrt of the variable dispersion conrpensa- 
tor to a point where the intensity of the 40 GHz corrq3onent Is at a minimum. 

[0032] However, as will be descrbed in detail later, the amount of total dispersion at which the intensity of the 40 GHz 
component is at a minimum coincides with the amount of total dispersion at which the eye opening is the largest only 
in the case of linear transmission with a small signal light power. As the signal light power increases, a nonlinear effect 
(= self-phase modulation effect: SPM) becomes larger and the displacement between the two increases. It is therefore 
difficult to optimize the dispersion compensation amount using the above control method. As the transmission speed 
increases, the transmitting optical power must be increased to maintain the required optical SNR and transmit/receive 
level difference, making the transmission more prone to the nonlinear effect and therefore this problem cannot be over- 
looked. 

[0033] As for return-to-zero (RZ) signals, it is reported In A Sano et a!., ECOC Technical Digests Tud. 3.5, that 
the 40 GHz component is at a maximum near zero total dispersion and the dispersion value at the maximum point shifts 
due to the nonlinear effect. 

[0034] FIG. 1 is a diagram illustrating computer simulation results of the total-dispersion dependence of the intensity 
of a 40 GHz component in the baseband spectrum of an OTDM signal with a data signal bit rate of 40 GHz. FIG. 2 is a 
diagram illustrating computer simulation results of the total-dispersion dependence of the intensity of a 40 GHz compo- 
nent in the baseband spectrum of an NRZ optical signal with a data signal bit rate of 40 GHz. FIG. 3 is a diagram illus- 
trating computer simulation results of the total<lispersion dependence of the intensity of a 40 GHz component in the 
baseband spectrum of an RZ optical signal (50% duty) with a data signal bit rate of 40 GHz. FIG. 4 is a diagram illus- 
trating computer simulation results of the total-dispersion dependence of the intensity of a 40 GHz component in the 
baseband spectrum of an RZ optical signal (25% duty) with a data signal bit rate of 40 GHz. 

[0035] FIGS. 1 -4 also show an eye opening in the direction of amplitude. In FIGS. 1 -4, input light power was -5 dBm 
on average, and SMF length was 50 km. The amount of total dispersion was varied by varying the amount of dispersion 
in a DCF connected in series to the SMF. Arourxl a peak of the eye opening v. the total dispersion curve, values of the 
eye opening are substantially kept constant near the optimum value. These ranges are called allowable eye opening 
ranges. 

[0036] FIG. 5 is a diagram illustrating an optical modulator 10 that generates the 40 Gb/s OTDM signal, according to 
an embodiment of the present invention. Referring now to FIG. 5, optical waveguides 14 are formed, for example, by 
thermally diffusing Tl into a LiNbOa substrate 12, on top of which an electrode pattern 16 (shown by hatching in FIG. 5) 
is formed, for example, using Au. Thus, the optical modulator 10 includes a one-input, two-output optical switch 18. a 
data modulator 20 having two independent optical modulators, a phase controller 22. and an optical multiplexer 24. 
[0037] FIGS. 6(A), 6(B). 6(C). 6(D) and 6(E) are waveform diagrams indicating the operation of optical modulator 10, 
according to an embodiment of the present invention. 

[0038] Referring now to FIGS. 5, 6(A). 6(B), 6(C), 6(D) and 6(E), when continuous light is input into the optical 
waveguides in the one-input, two-output switch 18, and 20 GHz clocks phase-shifted by 180° are applied to the two 
electrodes, the 1 80* out-of-phase optical clock signals shown in FIGS. 6(A) and 6(B) are output from optical switch 1 8. 
These signals are then input into the two optical modulators in data modulator 20. A 20 Gb/s data signal is applied to 
each of the two light modulators, and the RZ signals shown in FIGS. 6(C) and 6(D) are output from data modulator 20. 
Phase controller 22 adjusts the phases of the light waves so that the phase difference between the two light waves is 
180°, and these light waves are combined in optical multiplexer 24. Since the phase difference between the two light 
waves is 180*. in portions where Ts appear successively, the tails cancel each other so that the waveform becomes 
close to that of an RZ signal, as shown in FIG. 6(E). In other portions where at least one of adjacent bits Is a D", the 
waveform becomes dose to that of an NRZ signal. 

[0039] In FIGS. 3 and 4, for the RZ signals represented by these figures, it is shown that the Intensity of the 40 GHz 
component is the greatest when the amount of total dispersion is zero. 

[0040] By contrast, in FIG. 1. for the OTDM signal represented by this figure, it is shown that the intensity of the 40 
GHz component is at a minimum in the eye opening when tiie total dispersion amount is zero. Similarly, in FIG. 2, for 
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the NRZ signal represented by the figure, it is shown that the intensity of the 40 GHz component is at a minimum in the 
eye opening when the total dispersion amount is zero. 

[0041] For reference purposes, the baseband spectra of optical modulated signals are shown in FIGS. 7 and 8 for 
OTDM and NRZ, respectively. In the case of NRZ, there is no 40 GHz component, but it is presumed from a qualitative 

5 point of view that the 40 GHz component occurs because of the spectrum spreading after chromatic dispersion. 

[0042] Waveforms (equalized waveforms) after subjected to dispersions of -40, 0, and +40 ps/nm are shown in FIGS. 
9(A), 9(B) and 9(C). respectively, for OTDM. Similarly, waveforms (equalized waveforms) after subjected to dispersions 
of -40, 0, and +40 ps/nm are shown in FIGS. 10(A). 10(B) and 10(C). respectively, for NRZ. As shown, for both OTDM 
and NRZ. after dispersion (positive and negative) the "1" level at tiie center of the waveform rises but the cross paints 

10 lower, from which it can be seen that the variation of intensity occurs with a cycle equal to the length of one slot time, 
thus creating the 40 GHz component. 

[0043] Regarding item (i) (realization of a variak>le dispersion compensator), above, it follows that when transmitting 
an optical signal whose bit rate is generally represented by B b/s and whose B hertz component is at a minimum at zero 
dispersion, the amount of total dispersion can be set to zero if the control point where the B Hz component of the 

IS received optical signal is at a minimum in the eye opening can be detected by varying the control points of a variable 
dispersion device, such as tiie amount of dispersion compensation and the signal light wavelength. Besides the B Hz 
component, other frequency components such as a harmonic of the B Hz can be used to perform similar control. 
[0044] Further, as is apparent from FIGS. 1 and 2, there are two maximum points, or highest peaks, at symmetrical 
positions on both sides of a minimum point in each of the OTDM and NRZ waveforms. Therefore, in cases where it Is 

20 difficult to detect a minimum point, the amount of total dispersion can be set to zero by detecting tiie confrol points of 
the variable dispersion oonpensation device that provide the two maxirrrum points and by taking tiie midpoint between 
them. 

[0045] Further, in the case of an OTDM signal modulated by an n • m bit^ data signal obtained by time^jivision mul- 
tiplexing n RZ signals each amplitude-modulated by an m bit/s signal, an m hertz component may be extracted and the 

25 total dispersion of ttie transmission line may be controlled so that the m hertz component comes to a maximum. Such 
control can be performed instead of extracting an n • m hertz corrponent and controlling the total dispersion of the trans- 
mission line so that the n • m hertz component comes to a minimum, as described above. The reason for this is that the 
m bit/s RZ signals constituting tiie OTDM signal each contain an m hertz component, and as can be seen from FIGS. 
3 and 4, that oonponent is at a maximum when the amount of total dispersion is zero. More specifically, in this case, 

30 the n • m hertz component or the m hertz conrponent is extracted, and the amount of total dispersion of the transmission 
line is conti-olled so that the n • m hertz component or the m hertz component comes to a minimum or a maximum, 
respectively. 

[0046] Therefore, according to embodiments of tiie present invention, and as will be seen in more detail below, the 
present invention provides a method and apparatus for controlling dispersion in a transmission line. More specifically. 

35 the intensity of a specific frequency component of an optical signal transmitted through the fransmission line is 
detected. The optical signal has an intensity v. total dispersion characteristic curve with a corresponding eye opening. 
See, for example, FIGS. 1 and 2. The amount of total dispersion of the transmission line Is controlled to substantially 
mininvze the Intensity of the specific frequency component in the eye opening. As a result, as illustrated, for example, 
in FIGS. 1 and 2, the dispersion will be minimized by minimizing the intensity of the specific frequency component in the 

40 eye opening. 

[0047] In actijal practice, it is very difficult to measure the eye opening, so it would be difficult to determine if the inten- 
sity of a specific frequency component was actually minimized in the eye opening. As a result, the required control may 
be difficult to achieve. 

[0048] Therefore, refen-ing. for example, to FIGS. 1 and 2, an optical signal such as an OTDM or an NRZ signal can 
45 be described as having an intensity v. total dispersion characteristic curve with at least two peaks. The amount of total 
di8persk>n of tiie transmission line can then be confrolled to substantially minimize the intensity of the specific fre- 
quency component between tiie two highest peaks of the intensity v. total dispersion characteristic curve, as illustrated, 
for example, in FIGS. 1 and 2. 

[0049] FIGS. 1 1 to 14 are graphs illusti-ating. as simulation results, the relationship between tiie 40 GHz component 
50 and the eye opening plotted against the amount of total dispersion (after dispersion compensation) when the transmit- 
ting optical power is 0. +5, +10, and +13 dBm, respectively, in a 50 km SMF ti-ansmission of a 40 Gb/s OTDM signal. 
[0050] As can be seen from FIG. 1 and FIGS. 1 1 to 14, ttie amount of total dispersion at which ttie intensity of tiie 40 
GHz component is at a minimum coincides with the amount of total dispersion at which the eye opening is the largest 
only in the case of a linesu* transmission with a small signal light power (-5 dBm). As the signal light power increases, 
ss the nonlinear effect becomes larger and the displacement between the two increases, so tiiat it is difficult to optimize 
the dispersion compensation amount using the above cont'd method. 

[0051] FIG. 15 is a graph illustrating the amount of total dispersion at which the eye opening is tiie largest and the 
amount of total dispersion at which the 40 GHz component is at a minimum, as a function of the transmitting optical 
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power in the 50 km SMF transmission of the 40 Gb/s OTDM signal. As shown in FIG. 15, the amount of total dispersion 
at which the 40 GHz conponent is at a minimum is not dependent on the transmitting optical power, but Is kept constant 
at 0 ps/nm. whereas the amount of total dispersion at which the eye opening Is the largest increases in the positive dis- 
persion side as the transmitting optical power increases. 

5 [0052] FIG. 1 6 is a diagram illustrating an automatic dispersion equalization system, according to an embodiment of 
the present invention. Referring now to FIG. 16. a 40 Gb/s OTDM signal from an optical transmitter 30 is transmitted 
through an optical transnrtission line (SMF) 32 and is input into an optical receiver 36 via variable dispersion conrpen- 
sators 34 and 35. A portion of the optical signal input to optical receiver 36 is separated by an optical coupler 38 placed 
between variable dispersion compensators 34 and 35, and converted by a photodetector 40 into an electrical signal, 

10 From the output of photodetector 40, a 40 GHz conponent is extracted by a band-pass filter 42 whose center frequency 
is 40 GHz, and the intensity of that component is detected by an intensity detector 44. A compensation amount control- 
ler 46 controls the compensation amount in variable dispersion compensator 34 in a direction that brings tiie 40 GHz 
component to a maximum for an RZ signal or in a direction that brings the 40 GHz component to a minimum for an 
OTDM or an NRZ waveform. In the case of an OTDM signal multiplexing two 20 Gb/s RZ signals, the 20 GHz conpo- 

15 nent may be brought to a maximum instead of bringing the 40 GHz component to a minimum. 

[0053] A compensation amount controller 47 detects optical signal power by using an optical output power monitor 
signal or a control signal for automatic level control (ALC) usually residing in an optical post-amplifier 31 at the trans- 
mitting end, and in the case of an OTDM signal, determines the amount of shift caused by the nonlinear effect by refer- 
ring to the relationship shown in FIG. 15, and sets it in variable dispersion compensator 35. By so doing, an optimum 

20 dispersion amount appropriate to the optical power at that time is added to the optical signal controlled to zero disper- 
sion by variable dispersion compensator 34, before the optical signal Is input to optical receiver 36. For detection of the 
optical signal power, a portion of tiie output of optical post-amplifier 31 may be separated for detection by a photodiode. 
[0054] Therefore, according to embodiments of the present invention as illustrated, for example, in FIG. 16. tiie 
present invention relates to a method and apparatus which (a) determine an optimum amount of total dispersion of an 

25 optical fansmission line corresponding to a power level of an optical signal transmitted through the optical transmission 
line; (b) control dispersion of tiie optical transmission line so that the total dispersion up to a specific point along tiie opti- 
cal transmission line becomes approximately zero; and (c) acM dispersion to the optical transmission line to obtain the 
determined optimum amount of total dispersion. When adding dispersion, the dispersion can be added to the optical 
transmission line at a point which is downstream of tiie specific point 

30 [0055] FIGS. 1 7 to 20 are graphs illustrating, for an NRZ signal, as simulation results, tiie relationship between the 40 
GHz component and tiie eye opening plotted against the amount of total dispersbn (after dispersion compensation) 
when tiie transmitting optical power is 0, +5, +10, and +13, respectively, in a 50 km SMF transmission of a 40 Gb/s NRZ 
signal. As can be seen from FIG. 2 and FIGS. 17 to 20, the amount of total disps-sion at which the eye opening is the 
largest increases in the positive dispersion side as the transmitting optical power increases. This characteristic is the 

35 same as that for the OTDM signal. 

[0056] However, tiie way that the intensity of the 40 GHz component changes relative to the amount of total dispersion 
is different from the case of the OTDM signal. More specifically, in tiie OTDM signal, the 40 GHz conponent is always 
at a minimum when the amount of total dispersion is zero, regardless of the transmitting optical power. On the other 
hand, in the NRZ signal, the 40 GHz component is at a minimum (= 0) when the amount of total dispersion is zero in 

40 the case of a linear fransmission, but the 40 GHz component at zero total dispersion increases as the transmitting opti- 
cal power increases. As a result, unlike tiie case of the OTDM signal, variable dispersion compensator 34 cannot be 
controlled in such a manner as to bring the 40 GHz component to a minimum at zero total dispersion. However, in the 
case of the 40 Gb/s NRZ signal, since maxima are reached at +60 ps/nm and -60 ps/nm regardless of the transmitting 
power, variable dispersion compensator 34 can be controlled to bring the amount of total dispersion to zero by deter- 

45 mining the midpoint between the two maxima. Variable dispersion compensator 35. on the other hand, is controlled in 
accordance with the transmitting optical power in the same manner as for the OTDM signal. 

[0057] Specific exanples of optical transmitter 30 and optical receiver 36 of FIG. 16 are shown in FIGS. 21 and 22, 
respectively In optical transmitter 30 of FIG. 21 , OTDM modulator 10 shown in FIG. 5 is used as the optical modulator 
for generating an optical signal. In FIG. 21 , OTDM modulator 1 0 of FIG. 5 is functionally illustrated using the same ref- 

50 erence numerals designating the same elements as those shown in FIG. 5. 

[0058] In FIG. 21 , two 1 0 Gb/s data signals input in parallel are converted by a parallel/serial converter 70 to obtain 
one 20 Gb/s NRZ signal. This 20 Gb/s NRZ signal is input to a driver 72 to obtain a 20 Gb/s drive signal for driving an 
optical modulator 20. The ouput (20 Gb/s RZ optical signal) of each optical nrxxlulator 20 is phase-adjusted by a phase 
adjuster 22 (tiie phase is shifted so that the phase difference of the light becomes 180**), after which the tiius adjusted 

55 signals are combined together by an optical multiplexer 24 (optical coupler) to obtain a 40 Gb/s optical signal of NRZ 
format which is tiien sent out on a transmission line via an optical post-anplif ier 74. A detailed circuit diagram of such 
an optical transmitter is shown in FIG. 23. 

[0059] In the optical receiver of FIG. 22, the 40 Gb/s optical signal is input into an optical DEMUX 78 via optical pream- 
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plifier 33, variable dispersion compensator 34, beam splitter 38, and variable dispersion compensator 35. 
[0060] FIG. 24 is a diagram illustrating polarization-independent optical DEMUX 78. Polarization indeperxlence is 
preferably used for the optical DEMUX placed at the receiving end. For that purpose, the 40 Gb/s OTDM signal Input 
after transmission through the fiber is first split according to polarization, into TE and TM components by a crossed- 

5 waveguide polarizatbn splitter 80 at the first stage. Here, crossing length is optimized so that a polarization extinction 
ratio of 20 dB or more can be obtained. Next, using a 1 x2 switch 84 which is driven by a 20 GHz sinusoidal signal, each 
mode is optical time-division demultiplexed into 20 Gb^ optical RZ signals. At this time, the two outputs of each 1 x2 
switch are in a complementary relationship to each other. However, generally, in an LN switch (modulator), modulation 
efficiency is greater for tiie TM mode than for the TE mode. Therefore, in the illustrated device, the TE mode light after 

10 polarization splitting is converted by a half -wave plate 82 into TM mode light which is then subjected to optical demulti- 
plexing. At the final stage, the same bit sequences are combined together using two polarization beam combiners. 
Here, if the beams of the same TM mode were combined together, beam interference would occur, as in the case of the 
pranously described OTDM modulator. Therefore, 1 x2 switch 84 where the TE/TM mode conversion is not performed 
is followed by a half^wave plate 88 which performs TM/TE mode conversion, and thereafter, the powers of the ctoss 

IS polarization components are combined. 

[0061] Referring again to FIG. 22, the two 20 Gb/s optical RZ signals obtained from optical DEMUX 78 are each input 
to a photodiode 90 for conversion into an electrical signal, which is then amplified by a preamplifier 92 and waveshaped 
by an equalizing anplifier 94. The waveshaped signal is tiien reconsti-ucted by a seriaiyjjarallel converter 96 into the 
original 10 Gb/s NR2 signal. After that, the data is reproduced by a 10 Gb/s discriminator (not illustrated). A detailed 

20 circuit diagram of optical receiver 36, up to the optical demultiplexing section, is illustrated in FIG. 25. 

[0062] Next, an example of variable dispersion compensators 34 and 35 will be described. See. M. M. Ohn et al.. "Tun- 
able fiber grating dispersion using a piezoelectric stack. OFC "97 Technical Digest, WJ3. pp. 155-1 56. which is incorpo- 
rated herein by reference. 

[0063] More specifically, FIG. 26 is a diagram illustrating a variable dispersion conrpensator, such as either variable 
25 dispersion compensator 34 or 35, according to an embodiment of the present invention. FIG. 27 is a graph illustrating 
patterns A to D of voltages to V21 applied to segments of tiie variable dispersion compensator of FIG. 26, according 
to an embodiment of tiie present invention. FIG. 28 is a graph illustrating dispersion values for the voltage patterns A to 
D in FIG. 27, according to an embodiment of the present invention. 

[0064] As shown in FIG. 26, a piezoelectric element 92 is attached to each of twenty-one segments of a chirped fiber 
30 grating 90. When voltages to V21 , with a gradient as shown in FIG. 27, are applied to the piezoelectric el^ents. the 
pressure being applied in the longitudinal direction of grating 90 changes, and for the voltage patterns A to D shown in 
FIG. 27, the dispersion values (slopes of tine lines) change as shown in FIG. 28. Here, by applying voltage patterns 
intermediate between the voltage patterns A to D, the dispersion values can be changed continuously. 
[0065] FIG. 29 is a diagram illustrating an example of compensation amount controller 46, according to an embodi- 
es ment of the present invention. Referring now to FIG. 29, the intensity value of the 40 Gb/s frequency component is A/D 
converted by an A/D converter 94 and input as a digital signal to an MPU 96. MPU 96 compares the present intensity 
value Ic witii the previously received intensity value Ip stored in a memory 98, and checks to determine whether the 
relationship between the present dispersion amount and the intensity of the 40 Gb/s is on the X slope or Y slope in FIG. 
2. That is, when it is on the X slope, the amount of dispersion will tend to zero (Z point) if tiie dispersion amount of var- 
40 iable dispersion compensator 34 is reduced. When it is on the Y slope, the amount of dispersion will tend to zero if the 
dispersion amount of variable dispersion compensator 34 is increased. Therefore, when Ic > Ip, it is assumed that tiie 
relationship is on the X slope, and to control the voltages applied to variat>le dispersion compensator 34, such values 
of to V21 that cause the dispersion amount to decrease are obtained, and the voltages to be applied to the respective 
piezoelectric elements are each output via a D/A converter 100 having a latch. 
45 [0066] Conversely, when Ic < Ip. it is assumed that the relationship is on the Y slope, and such values of to V21 
that cause the cBspersion amount to increase are obtained to control the voltages applied to variable dispersion com- 
pensator 34. 

[0067] Here, to obtain the values of to V21 . the data shown in FIGS. 27 and 28 (tiie data representing tiie relation- 
ship between the dispersion amount and tiie to V21) and the data shown in FIG. 2 (the data representing the rela- 

50 tionship between the intensity of tiie 40 GHz component and the amount of total dispersion) are stored in memory in 
advance. Then, it is determined whether the relationship is on the X slope or Y slope in FIG. 2, and the present disper- 
sion amount Ic is ot>tained from the data shown in FIG. 2. Next, a dispersion amount Ic* necessary for compensation in 
variable dispersion compensator 34 in order to reduce the amount of dispersion to zero at Z point is determined from 
the present dispersion amount Ic. That is, Ic* is determined so that Ic + Ic* « 0 . 

55 [0068] Once Ic* is determined in this way, the Vi to V21 to be applied to variable dispersion compensator 34 in order 
to obtain Ic' are determined based on the data shown in FIGS. 27 and 28. 

[0069] Referring now to FIG. 16, compensation amount controller 47 holds therein the data concerning the relation- 
ship between the optical signal and optimum total dispersion amount shown in FIG. 15 as well as the relationship 
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between the voltage patterns to be applied to the variable dispersion conpensator and the dispersion values. From the 
value of the optical signal power at the output of optical post-amplif ier 31 , compensation amount controller 47 first deter- 
mines the value of the optimum total dispersion amount at that time and then determines the corresponding voltages 
Vi to V21 which are applied to variable dispersion compensator 35. 

5 [0070] FIG. 30 is a diagram illustrating a modification of the automatic dispersion equalization system of FIG. 16. 
according to an emtxxiiment of the present invention. Refening now to FIG. 30. variable dispersion compensator 34 in 
the system of FIG. 16 is replaced by a variable wavelength light source 48 provided at optical transmitter 30. and the 
amount of chromatic dispersion of optical transmission line 32 is controlled by controlling signal light wavelength 
through a signal light wavelength controller 50. 

10 [0071] FIG. 31 is a diagram illustrating another modification of the automatic dispersion equalization system of FIG. 
1 6, according to an embodiment of the present invention. Referring now to FIG, 31 , a control signal or a monitor signal 
from optical preamplifier 33 at the receiving end. not from optical post-amplifier 31 at the transmitting end. is used as 
the signal for optical signal power detection. In other respects, the configuration is the same as that of the system shown 
in FIG. 1 6. In the system of FIG. 31 , instead of controlling variable dispersion compensator 34. signal light wavelength 

15 may be controlled using variable wavelength light source 48 as in the system of FIG. 30. 

[0072] FIG. 32 is a diagram illustrating an automatic dispersion equalization system, according to an embodiment of 
the present invention. Referring now to FIG. 32, the signal light power is first set to a sufficiently low value at system 
startup so that tiie nonlinear effect does not occur and, in this condition, the amount of total dispersion is controlled to 
zero through tiie loop formed by photodetector 40, band-pass filter 42. intensity detector 44. compensation amount con- 

20 troller 46. and variat>le dispersion compensator 34. 

[0073] During system operation, conrpensation amount controller 47 determines, from the magnitude of tiie optical 
power, the amount of shift in the optimum dispersion value caused by the nonlinear effect and varies the dispersion 
value in variable dispersion compensator 34 by the same amount. 

[0074] FIG. 33 is a graph for explaining the modification of tiie automatic dispersion equalization system in FIG. 32, 
25 according to an embodiment of the present invention. More specifically, the relationship shown in FIG. 14 is redrawn in 
FIG. 33. 

[0075] As can be seen from FIG. 33. when tine amount of total dispersion is limited to within a certain range, the 
amount of total dispersion is uniquely determined from the 40 GHz intensity. Therefore, in FIG. 32, after the amount of 
total dispersion is set to zero at system startup, control may be performed to bring the 40 GHz Intensity to a value cor- 
30 responding to the optimum value in order to set the amount of total dispersion to the optimum value which is determined 
from the signal light power during system operation. For example, when the signal light power is +13 dBm. the optimum 
total dispersion amount is 40 ps/nm from the relationship shown in FIG. 1 5. Therefore, control is performed to bring the 
40 GHz intensity to the value at point A in FIG. 33. 

[0076] FIG. 34 is a diagram illustrating a modification of the automatic dispersion equalization system of FIG. 32, 
35 according to an embodiment of the present invention. Referring now to FIG. 34, control of the dispersion amount at sys- 
tem startup is performed using variable dispersion compensator 34. and control during system operation is performed 
using variable dispersion compensator 35. 

[0077] In this case, variable dispersion compensator 35 may be placed at the transmitting end, as shown in FIG. 35. 
In this emtxxliment. since variable dispersion compensator 35 can be placed near optical post-amplifier 31 , there is no 

40 need to perform remote corrtrol across the transmission line and system operation can thus be simplified. 

[0078] In the above embodiments of the present invention, the variable dispersion corrpensators are placed at the 
receiving and transmitting ends in a regenerative repeater system, but it will be appreciated that, in a nonregenerative 
optical amplifier repeater system, similar control can also be performed in a configuration where a variable dispersion 
compensator is also placed within an optical amplifier repeater. 

45 [0079] According to the above embodiments of the present invention, it is possible to optimize the amount of disper- 
sion compensation according to the transmitting optical power in an ultra high-speed optical transmission system using 
variable dispersion compensators. 

[0080] Therefore, according to the above embodiments of tiie present invention, a metiiod and apparatus is provided 
for controlling dispersion in an optical fiber transmission line. More spedf ically, the intensity of a specific frequency com- 
50 ponent of an optical signal transmitted through the transmission line is detected. The optical signal has an intensity v. 
total dispersion characteristic curve with a corresponding eye opening. The amount of total dispersion of the transmis- 
sion line is controlled to substantially minimize the intensity of the specific frequency component in the eye opening. As 
a result, tiie total dispersion will be minimized as indicated, for example, by FIGS. 1 and 2. 

[0081] Moreover, according to the above embodiments of the present invention, various types of optical signals as 
55 transmitted through a transmission line can be described as having an intensity v. total dispersion characteristic curve 
with at least two peaks. The amount of total dispersion of the transmission line can then be controlled to substantially 
minimize the intensity of the specific frequency component between the two highest peaks of the intensity v. total dis- 
persion characteristic curve, as illustrated, for example, in FIGS. 1 and 2. 
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[0082] While is it preferable to minimize the intensity of the specific frequency component in the eye opening, in some 
circumstances it may be appropriate to simply cause the intensity to be inside the eye opening. For example, in some 
systems, the total dispersion corresponding to the intensity being inside the eye opening would be considered to be rel- 
atively low. Therefore, referring to FIGS. 1 and 2, the total dispersion can be controlled to simply maintain the intensity 
along a point on the intensity v. total dispersion characteristic curve which is inside the eye opening. 
[0083] Therefore, according to the above embodiments of the present invention, the intensity of a specific frequency 
component of an optical signal transmitted through the transmission line is detected. The optical signal has an intensity 
V. total dispersion characteristic curve with a corresponding, allowable eye opening range. The amount of dispersion of 
the transmission line is controlled to maintain the intensity of the specific frequency component along a point on the 
intensity v. total dispersion characteristic curve which is within the eye opening. 

[0084] Further, instead of controlling the dispersion to control the intensity of a specific frequency component, the 
intensity of the specific frequency component can simply be directly controlled. For example, the intensity can be con- 
trolled to substantially minimize the detected intensity in the eye opening. 

[0085] Moreover, as previously described, it is often difficult to measure the eye opening. Therefore, the intensity of 
the specific frequency component can be controlled to substantially minimize the detected intensity between the two 
highest peaks of the intensity v. total dispersion characteristic curve. 

[0086] According to the above embodiments of the present invention, it becomes possible to monitor and control 
transmission line dispersion for optical signals, such as NRZ and OTDM waveforms, whose clock component is at a 
minimum at zero dispersion, and transmission line dispersion can be controlled without interrupting system operation. 
[0087] Therefore, according to tiie above embodiments of the present invention, transmission line dispersion Is con- 
trolled for an optical signal whose clock component intensity does not become the greatest at zero dispersion, as in an 
NRZ signal or in an OTDM signal where a plurality of RZ signals are time-division multiplexed with their tails overiapping 
each other. 

[0088] Therefore, according to the above embodiments of the present invention, chromatic dispersion is controlled in 
a transmission line transmitting an optical signal modulated by a data signal. More specifically, the intensity of a specific 
frequency component is detected from the optical signal transmitted through the transmission line. The amount of total 
dispersion of tiie transmission line is controlled so that the intensity of the detected specific frequency oonponent 
becomes a minimum in the eye opening. 

[0089] In addition, according to the above emfcxxJiments of the present invention, an apparatus and method are pro- 
vided for detecting an amount of dispersion in a transmission line transmitting an optical signal nrKxIulated by a data sig- 
nal. More spedfically, the intensity of a specific frequency component is detected from tfie optical signal transmitted 
through tiie transmission line. The amount of total dispersion of the transmission line is determined from the intensity 
of tiie detected specific frequency corrponent. 

[0090] Further, according to tiie above embodiments of the present invention, a time-division multiplexed optical sig- 
nal, modulated by an n • m bit/second data signal obtained by time-cGvision multiplexing n optical signals each ampli- 
tude-modulated by an m bit/second data signal, is transmitted tiirough the optical fiber transmission line. An n • m hertz 
or an m hertz frequency component is extracted from the time-division multiplexed optical signal received from the opti- 
cal fiber transmission line. Dispersion in the optical fiber transmission line is made variable so that the extracted n • m 
hertz or m hertz frequency component exhibits a minimum value or a maximum value, respectively. 
[0091 ] According to the above embodiments of the present invention, the intensity of a specific frequency component 
is substantially minimized. It is preferable to set tine intensity at tiie actual minimum value. However, in practice, it is 
often difficult to completely minimize the intensity of a specific frequency component. Therefore, in most situations, the 
intensity of the specific frequency component could be considered to be substantially minimized if it is greater than or 
equal to the minimum intensity and less than or equal to 120% of the minimum intercity. Preferably, the intensity should 
be controlled to be greater than or equal to the minimum intensity and less than or equal to 11 0% of the minimum inten- 
sity. 

[0092] Although a few preferred embodiments of tiie present Invention have been shown and described, it would be 
appreciated by those skilled in the art that changes may be made in tinese embodiments without departing from the 
principles and spirit of the invention, the scope of which is defined in the claims and their equivalents. 

Claims 

1 . A method conprising the steps of: 

determining an optimum amount of total dispersion of an optical transmission line corresponding to a power 
level of an optical signal transmitted tiirough the optical ti-ansmission line; 

controlling dispersion of tiie optical transmission line so that the total dispersion up to a specific point along ttie 
optical transmission line becomes approximately zero; and 
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adding dispersion to the optical transmission line to obtain the detemnined optimum amount of total dispersion. 

2. A method as in claim 1 . wherein the step of adding dispersion adds dispersion to the optical transmission line at a 
point which is downstream of the specific point. 

3. A method as in daim 1 . wherein the step of controlling dispersion comprises the steps of: 

detecting the intensity of a specific frequency component of the optical signal, the optical signal having an 
intensity v. total dispersion characteristic curve with at least two peaks; and 

controlling the amount of total dispersion of the transmission line to substantially minimize the intensity of the 
specific frequency component between the two highest peaks of the intensity v. total dispersion characteristic 
curve of the optical signal. 

4. A method as in claim 3. wherein the optical signal is modulated by a data signal having a bit rate of B bits/second, 
and the specific frequency conriponent is a B hertz component of the optical signal. 

5. A method as in daim 4. wherein the optical signal Is a non-return-to-zero (NRZ) signal. 

6. A method as in daim 3, wherein the specific frequency component corresponds to a bit rate of the optical signal. 

7. A method as In daim 1 . wherein the step of controlling dispersion comprises one of the group consisting of 

a first processes of 

detecting the intensity of a specific frequency component of the optical signal, the optical signal having an 
intensity v. total dispersion characteristic curve with at least two peaks, and 

controlling the amount of total dispersion of the transmission line to substantially minimize the intensity of 
the specific frequency component between the two highest peaks of the intensity v. total dispersion char- 
acteristic curve of the optical signal, and 

a second process of 

detecting the intensity of a specific frequency conrponent of the optical signal, and 
maximizing the intensity of the detected specific frequency component. 

8. A method as in claim 1 , wherein the step of controlling dispersion maximizes the intensity of a specific frequency 
component in the optical signal. 

9. A method as in daim 8, wherein the optical signal is a return-to-zero (RZ) signal. 

10. A method as in daim 1. wherein 

the optical signal is one of the group consisting of a non-return-to-zero (NRZ) signal, a return-to-zero (RZ) sig- 
nal, and an optical time division multiplexed (OTDM) signal, 

when the optical signal is an NRZ signal or an OTDM signal, the step of controlling dispersion comprises 

detecting the intensity of a specific frequency component of the optical signal, the optical signal having an 
intensity v. total dispersion characteristic curve with at least two peaks, and 

controlling the amount of total dispersion of the transmission line to substantially minimize the intensity of 
the specific frequency component between the two highest peaks of the intensity v. total dispersion char- 
acteristic curve of the optical signal, and 

when the optical signal Is an RZ signal, the step of controlling dispersion comprises 

detecting the intensity of a specific frequency component of the optical signal, and 
maximizing the Intensity of the detected specific frequency component. 

1 1 . A method as in claim 3. wherein the intensity of the specific frequency component is minimized at a midpoint 
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between the two highest peaks of the intensity v. total dispersion characteristic curve of the optical signal. 

12. A method as in daim 1, wherein the step of controlling dispersion comprises the steps of: 

5 detecting the intensity of a specific frequency component of the optical signal, the optical signal having an 

intensity v. total dispersion characteristic curve with at least two peaks: and 

controlling the amount of total dispersion of the transmission line so that the intensity of the specific frequency 
component is at a midpoint between the two highest peaks of the intensity v. total dispersion characteristic 
curve of the optical signal. 

10 

13. A method as in daim 1 , wherein the step of controlling dispersion comprises the steps of: 

detecting the intensity of a specific frequency component of the optical signal, the optical signal having an 
intensity v. total dispersion characteristic curve with a corresponding eye opening; and 
IS controlling the amount of total dispersion of the optical transmtssbn line to substantially minimize the intensity 

of the specific frequency component in the eye opening. 

14. A method as in daim 13, wherein the optical signal is modulated by a data signal having a bit rate of B bits/second, 
and the specific frequency component is a B hertz component of the optical signal. 

20 

1 5. A method as in claim 1 3, wherein the optical signal is one of the group consisting of a non-return-to-zero signal and 
an optical time division multiplexed (OTDM) signal. 

16. A metiiod as in daim 1 . wherein the step of controlling dispersion conprises the steps of: 

25 

detecting the intensity of a specific frequency component of the optical signal, the optical signal having an 
intensity v. total dispersion characteristic curve with a corresponding eye opening range; and 
controlling the amount of total dispersion of the transmissbn line to maintain the intensity of the specific fre- 
quency component along a point on tiie intensity v. total dispersion characteristic curve which is within the eye 
30 opening range. 

17. A method as in claim 1, wherein the step of controlling dispersion controls dispersion in the optical transmission 
line by controlling a dispersion value of a variable disperston compensator positioned upsti'eam of the specific 
point. 

35 

18. A method as in daim 1, wherein the step of controlling dispersion controls dispersion in the optical transmisston 
line by controHing a wavelength of the optical signal. 

19. A method as in claim 1. wherein the determining step determines the optimum amount in accordance with the out- 
40 put of an amplifier which amplifies the optical signal for transmission through the optical transmission line. 

20. A method as in claim 1 , wherein the determining step determines the optimum amount in accordance witii the out- 
put of an amplifier which amplifies the optical signal for reception from the optical transmission line. 

45 21. An apparatus comprising: 

a dispersion determining device determining an optimum amount of total dispersion of an optical transmission 
line corresponding to a power level of an optical signal transmitted through the optical transmission line; 
a first dispersion controller controlling dispersion of the optical transmission line so that the total dispersion up 
so to a specific point along the optical transmission line becomes approximately zero; and 

a second dispersion controller adding dispersion to the optical transmission line to obtain the determined opti- 
mum amount of total dispersion. 

22. An apparatus as in daim 21 , wherein the second dispersion controller adds dispersion to the optical transmissbn 
55 line at a point which is downstream of the specific point. 

23. An apparatus as in claim 21, wherein the first dispersion controller 
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detects the intensity of a specif ic frequency component of the optical signal, the optical signal having an inten- 
sity V. total dispersion characteristic curve with at least two peaks, and 

controls the amount of total dispersion of the transmission line to substantially minimize the intensity of the spe- 
cific frequency component between the two highest peaks of the intensity v. total dispersion characteristic 
curve of the optical signal. 

24. An apparatus as in claim 23. wherein the optical signal is modulated by a data signal having a bit rate of B bits/sec- 
ond, and the specific frequency component is a B hertz component of the optical signal. 

25. An apparatus as in claim 24, wherein the optical signal is a non-return*to-zero (NRZ) signal. 

26. An apparatus as in claim 23, wherein the specific frequency component corresponds to a bit rate of the optical sig- 
nal. 

27. An apparatus as in claim 21, wherein the first dispersion controller performs one of the group consisting of 

a first processes of 

detecting the intensity of a specific frequency component of the optical signal, the optical signal having an 
intensity v. total dispersion characteristic curve with at least two peaks, and 

controlling the amount of total dispersion of the transmission line to suk)stantlally minimize the intensity of 
the specific frequency component between the two highest peaks of the intensity v. total dispersion char- 
acteristic curve of the optical signal, and 

a second process of 

detecting the intensity of a specific frequency component of the optical signal, and 
maximizing the intensity of the detected specific frequency component. 

28. An apparatus as in daim 21, wherein the first dispersion controller maximizes the intensity of a specific frequency 
component in the optical signal. 

29. An apparatus as in claim 28, wherein the optical signal is a return-to-zero (RZ) signal. 

30. An apparatus as in claim 21 , wherein 

the optical signal is one of the group consisting of a non-return-to-zero (NRZ) signal, a return-to-zero (RZ) sig- 
nal, and an optical time division multiplexed (OTDM) signal, 

when the optical signal is an NRZ signal or an OTDM signal, the first dispersion corrtroller 

detects the intensity of a specific frequency component of the optical signal, the optical signal having an 
intensity v. total dispersion characteristic curve with at least two peaks, and 

controls the amount of total dispersion of the transmission line to substantially minimize the intensity of the 
specific frequency conponent between the two highest peaks of the intensity v. total dispersion character- 
istic curve of the optical signal, and 

when the optical signal Is an RZ signal, the first dispersion controller 

detects the intensity of a specific frequency component of the optical signal, and 
maximizes the intensity of the detected specific frequency component. 

31. An apparatus as in claim 23, wherein the intensity of the specific frequency component is minimized at a midpoint 
between the two highest peaks of the intensity v. total dispersion characteristic curve of the optical signal. 

32. An apparatus as In claim 21. wherein the first dispersion controller 

detects the intensity of a specific frequency component of the optical signal, the optical signal having an inten- 
sity V. total dispersion characteristic curve witii at least two peaks, and 
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controls the amount of total dispersion of the transmission line so that the intensity of the specific frequency 
component is at a midpoint between the two highest peaks of the intensity v. total dispersion characteristic 
curve of the optical signal. 

6 33. An apparatus as In claim 21 , wherein the first dispersion controller 

detects the intensity of a specific frequency component of the optical signal, the optical signal having an inten- 
sity V. total dispersion characteristic curve with a corresponding eye opening, and 

controls the amount of total dispersion of the c^ticai transmission line to substantially minimize the intensity of 
10 the specific frequency component in the eye opening. 

34. An apparatus as in claim 33. wherein the optical signal is modulated by a data signal having a bit rate of B bits^ec- 
ond. and the specific frequency component Is a B hertz component of the optical signal. 

IS 35. An apparatus as in claim 33. wherein the optical signal is one of the group consisting of a non-retum-to-zero signal 
and an optical time division multiplexed (OTDM) signal. 

36. An apparatus as in claim 21, wherein the first dispersion controller 

20 detects the intensity of a specific frequency component of the optical signal, the optical signal having an inten- 

sity V. total dispersion characteristic curve with a corresponding eye opening range, and 
controls the amount of total dispersion of the transmission line to maintain the intensity of the specific fre- 
quency conrponent along a point on the intensity v. total dispersion characteristic curve which is witNn the eye 
opening range. 

25 

37. An apparatus as in claim 21, wherein the first dispersion controller comprises: 

a dispersion compensator having a variable dispersion value and positioned upstream of the specific point, the 
first dispersion controller controlling dispersion in the optical transmission line by controlling the variat>le dis- 
30 persion value of the variable dispersion compensator. 

38. A apparatus as in claim 21 . wherein the first dispersion controller controls dispersion in the optical transmission line 
by controlling a wavelength of the optical signal. 

35 39. A apparatus as in claim 21 . wherein the dispersion determining device determines the optimum amount in accord- 
ance with the output of an amplifier which amplifies the optical signal for transmission through the optical transmis- 
sion line. 

40. A apparatus as in daim 21 , wherein the dispersion determining device determines the optimum amount in acoord- 
40 ance with the output of an amplifier which amplifies the optical signal for reception from the optical transmission 

line. 

41. A method of controlling dispersion in an optical transmission line having an optical signal transmitted tiierethrough. 
comprising the steps of: 

45 

setting the power of the optical signal to a first value producing substantially no nonlinear effect in the optical 
transmission line: 

controlling the amount of total dispersion of the optical transmission line to be approximately zero; 
changing tiie power of the optical signal to a second value different from tiie first value; 
50 determining an optimum amount of total dispersion of the optical transmission line corresponding to the power 

of the optical signal being at the second value; and 

adding dispersion to the optical transmission line to obtain the determined optimum amount of dispersion. 

42. A method as in claim 41. wherein 

55 

tile optical transmission line is part of an optical communication system. 

the power of the optical signal being set to the first value corresponds to a time prior to starting the optical com- 
munication system, and 
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the power of the optical signal being set to the second value corresponds to a time during operation of the opti- 
cal communication system. 

43. A method as in daim 41 . wherein the second value indicates a higher optical signal power than the first level. 

44. A method of controlling dispersion in an optical transmissbn line having an optical signal transmitted therethrough, 
comprising the steps of: 

setting the power of the optical signal to a value producing substantially no nonlinear effect in the optical trans- 
mission line; 

controlling the amount of total dispersion of the optical transmission line to be approximately zero while the 

power is set to said value; 

increasing the power of the optical signal; and 

adding dispersion to the optical transmission line to obtain an optimum amount of dispersion corresponding to 
the increased power of the optical signal. 

45. A method as in daim 44. wherein the step of contrc^ling comprises the steps of: 

detecting the intensity of a spedfic frequency component of the optical signal, the optical signal having an 
intensity v. total dispersion characteristic curve with at least two peaks; and 

controlling the amount of total dispersion of the transmission line to suk^stantially nrvnimize the intensity of the 
specific frequency component tjetween the two highest peaks of the intensity v. total dispersion characteristic 
curve of the optical signal. 

46. A method as in claim 45. wherein the optical signal is modulated by a data signal having a bit rate of B bits/second, 
and the specific frequency component is a B hertz component of the optical signal. 

47. A method as in daim 46. wherein the optical signal is a non-return-to-zero (NRZ) signal. 

48. A method as in daim 45. wherein the specific frequency component corresponds to a t>it rate of the optical signal. 

49. A method as in daim 44. wherein the step of controlling comprises one of the group consisting of 

a first processes of 

detecting the intensity of a specific frequency component of the optical signal, the optical signal having an 
intensity v. total dispersion characteristic curve with at least two peaks, and 

controlling the amount of total dispersion of the transmission line to substantially minimize the intensity of 
the specific frequency component between the two highest peaks of the intensity v, total dispersion char- 
acteristic curve of the optical signal, and 

a second process of 

detecting the intensity of a specific frequency component of the optical signal, and 
maximizing tiie intensity of the detected specific frequency component. 

50. A method as in daim 44, wherein tiie step of controlling maximizes the intensity of a specific frequency component 
in the optical signal. 

51 . A method as in daim 50, wherein the optical signal is a return-to-zero (RZ) signal. 

52. A method as In daim 44, wherein 

the optical signal is one of the group consisting of a non-return-to-zero (NRZ) signal, a return-to-zero (RZ) sig- 
nal, and an optical time division multqalexed (OTDM) signal, 

when the optical signal is an NRZ signal or an OTDM signal, the step of controlling comprises 

detecting the intensity of a specific frequency component of the optical signal, tiie optical signal having an 
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intensity v. total dispersion characteristic curve with at least two peaks, and 

controlling the amount of total dispersion of the transmission line to substantially minimize the intensity of 
the specific frequency component between the two highest peaks of the intensity v. total dispersion char- 
acteristic curve of the optical signal, and 

when the optical signal is an RZ signal, the step of controlling comprises 

detecting the intensity of a specific frequency component of the optical signal, and 
maximizing the intensity of the detected specific frequency component. 

53. A method as in daim 45, wherein the intensity of the specific frequency conponent is minimized at a midpoint 
between the two highest peaks of the intensity v. total dispersion characteristic curve of the optical signal. 

54. A method as in daim 44. wherein the step of controlling comprises the steps of: 

detecting the intensity of a specific frequency component of tiie optical signal, the optical signal having an 
intensity v. total dispersion characteristic curve with at least two peaks; and 

controlling the amount of total dispersion of the transmission line so that tiie intensity of the specific frequency 
component is at a midpoint between tiie two highest peaks of the intensity v. total dispersion characteristic 
curve of the optical signal. 

55. A method as in daim 44. wherein the step of controlling comprises the steps of: 

detecting the intensity of a specific frequency component of the optical signal, the optical signal having an 
intensity v. total dispersion characteristic curve with a corresponding eye opening: and 
controlling the amount of total dispersion of the optical transmissk)n line to substantially minimize the intensity 
of the spedfic frequency component in the eye opening. 

56. A metiiod as in daim 55, wherein the optical signal is modulated by a data signal having a bit rate of B bits/second, 
and the specific frequency component is a B hertz component of the optical signal. 

57. A method as In daim 55. wherein the optical signal is one of the group consisting of a non-return-to-zero signal and 
an optical time division multiplexed (OTDM) signal. 

58. A method as in daim 44, wherein the step of controlling comprises the steps of: 

detecting the intensity of a spedfic frequency conponent of the optical signal, the optical signal having an 
intensity v. total dispersion characteristic curve with a corresponding eye opening range; and 
controlling the amount of total disperston of the transmission line to maintain tiie intensity of the specific fre- 
quency component along a point on the intensity v. total dispersion characteristic curve whuch Is within the eye 
opening range. 

59. A method as in daim 44 further comprising, before the step of adding dispersion, the step of: 

determining tiie optimum amount of dispersion in accordance with the output of an amplifier which amplifies 
tiie optical signal for transmission through tiie optical transmission line. 

60. A method as in daim 44, further comprising, before the step of adding dispersion, tiie step of: 

determining the optimum amount of dispersion in accordance with the output of an amplifier which amplifies 
the optical signal for reception from the optical transmission line. 

61. A method as in daim 45, wherein the step of adding dispersion adds dispersion to the optteal transmission line by 
controlling the amount of dispersion so that the intensity of the specific frequency component is brought to a value 
corresponding to the optimum amount of dispersion. 

62. A method as in claim 44. wherein a single variable dispersion compensator is used by both the controlling step to 
control the amount of total dispersion and the adding step to add dispersion. 
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63. A method as in claim 44. wherein a first dispersion compensator is used by the controlling step to control the 
amount of total dispersion, and a second dispersion compensator is used by the adding step to add dispersion. 

64. A method as In claim 63. wherein 

5 

the first dispersion compensator is at one of the group consisting of a transmitting end and a receiving end of 
the optical transmission line, and 

the second dispersion compensator is at the other of the group consisting of the transmitting end and the 
receiving end of the optical transmission line. 

10 

65. An apparatus for controlling dispersion in an optical transmission line having an optical signal transmitted there- 
through, comprising: 

a power setting device setting the power of the optical signal to a value producing substantially no nonlinear 
IS effect in the optical transmission line; 

a first dispersion controller controlling the amount of total dispersion of the optical transmission line to be 

approximately zero while the power is set to said value; 

a power increasing device increasing the power of the optical signal; and 

a second dispersion controller adding dispersion to the optical transmission line to obtain an optimum amount 
20 of dispersion corresponding to the increased power of the optical signal. 

66. An apparatus as In claim 65. wherein the first dispersion controller: 

detects the intensity of a specific frequency component of the optical signal, the optical signal having an inten- 
25 sity V. total dispersion characteristic curve with at least two peaks, and 

controls the amount of total dispersion of the transmission line to substantially minimize the intensity of the spe- 
cific frequency component between the two highest peaks of the intensity v. total dispersion characteristic 
curve of the optical signal. 

30 67. An apparatus as in claim 66, wherein the optical signal is modulated by a data signal having a bit rate of B bits/sec- 
ond, and the specific frequency component is a B hertz component of the optical signal. 

68. An apparatus as in claim 67. wherein the optical signal is a non-return-to-zero (NRZ) signal. 

35 69. An apparatus as in claim 66. wherein the specific frequency component corresponds to a bit rate of tiie optical sig- 
nal. 

70. An apparatus as in claim 65. wherein the first dispersion controller performs one of the group consisting of 

40 a first processes of 

detecting the intensity of a specific frequency component of the optical signal, the optical signal having an 
intensity v. total dispersion characteristic curve with at least two peaks, and 

controlling the amount of total dispersion of the transmission line to substantially minimize the intensity of 
45 the specific frequency component between the two highest peaks of the intensity v. total dispersion char- 

acteristic curve of the optical signal, and 

a second process of 

50 detecting the intensity of a specific frequency component of the optical signal, and 

maximizing the intensity of the detected specific frequency component. 

71 . An apparatus as in claim 65. wherein the first dispersion controller maximizes the intensity of a specific frequency 
component in tiie optical signal. 

55 

72. An apparatus as in claim 71, wherein the optical signal is a return-to-zero (RZ) signal. 

73. An apparatus as in claim 65, wherein 
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the optical signal is one of the group consisting of a non-return-to-zero (NRZ) signal, a return-to-zero (RZ) sig- 
nal, and an optical time division multiplexed (OTDM) signal, 

when the optical signal Is an NRZ signal or an OTDM signal, the first dispersion controller 

detects the Intensity of a specific frequency component of the optical signal, the optical signal having an 
Intensity v. total dispersbn characteristic curve with at least two peaks, and 

controls the amount of total dispersion of the transnHssion line to substantially minimize the Intensity of the 
specific frequency component between the two highest peaks of the intensity v. total dispersion character- 
istic curve of the optical signal, and 

when the optical signal is an RZ signal, the first dispersion controller 

detects the intensity of a specific frequency component of the optical signal, and 
maximizes the intensity of the detected specific frequency component. 

74. An apparatus as in claim 66, wherein the intensity of the specific frequency component is minimized at a midpoint 
between the two highest peaks of the intensity v. total dispersion characteristic curve of the optical signal. 

75. An apparatus as in daim 65, wherein the first dispersion controller 

detects the intensity of a specific frequency component of the optrcal signal, the optical signal having an inten- 
sity V. total dispersion characteristic curve with at least two peaks, and 

controls the amount of total dispersion of the transmission line so that the Intensity of the specific frequency 
component is at a midpoint between the two highest peaks of the intensity v. total dispersion characteristic 
curve of the optical signal. 

76. An apparatus as in claim 65. wherein the first dispersion controller 

detects the intensity of a specific frequency component of the optical signal, the optical signal having an inten- 
sity V. total dispersion characteristic curve with a corresporKling eye opening, and 

controls the amount of total dispersion of the optical transmission line to sutsstantially minimize the Intensity of 
the specific frequency component in the eye opening. 

77. An apparatus as in claim 76, wherein the optical signal is modulated by a data signal having a bit rate of B bits/sec- 
ond, and the specific frequency component is a B hertz conponent of the optical signal. 

78. An apparatus as in daim 76. wherein the optical signal is one of the group consisting of a non-retum-to-zero signal 
and an optical time division multiplexed (OTDM) signal. 

79. An apparatus as in claim 65, wherein the first dispersion controller 

detects the intensity of a specific frequency component of the optical signal, the optical signal having an inten- 
sity V. total dispersion characteristic curve with a corresponding eye opening range, and 
controls the amount of total dispersion of the transmission line to maintain the intensity of the specific fre- 
quency component along a point on the intensity v. total dispersion characteristic curve which is within the eye 
opening range. 

80. An apparatus as in claim 65 further comprising: 

an optimum amount determining device determining the optimum amount of dispersion in accordance with the 
output of an amplifier which amplifies the optk:al signal for transmission through the optical transmission line. 

81. An apparatus as in daim 65, further comprising: 

an optimum anrK)unt determining device determining the optimum amount of dispersion in accordance with the 
output of an amplifier which amplifies the optical signal for reception from the optical transmission line. 

82. An apparatus as in daim 66, wherein the second dispersion controller adds dispersion to the optical transmission 
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line by controlling the amount of dispersion so that the intensity of the specific frequency component is brought to 
a value corresponding to the optimum amount of dispersion. 

83. An apparatus as in claim 65. further comprising: 

a single variable dispersion compensator used by the first dispersion controller to control the amount of total 
dispersion and the second dispersion controller to add dispersion. 

84. An apparatus as in claim 65. wherein 

the first dispersion controller includes a dispersion compensator to control the amount of total dispersion, and 
the second dispersion controller Includes a dispersion compensator to add dispersion. 

85. An apparatus as in claim 84. wherein 

the dispersion compensator of the first dispersion controller is at one of the group consisting of a transmitting 
end and a receiving end of the optical transmission line, and 

the dispersion compensator of the second dispersion controller is at the other of the group consisting of the 
transmitting end and the receiving end of the optical transmission line. 
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